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ABSTRACT

Curves are presented giving the even mode fringing capacitance, the

odd-mode fringing capactitance. and the difference between odd and even
mode fringing capacitances for wide ranges o. thickness and spacing of
rectangilar bars centered between norallel plates ¥~ mple formulas are
wiven relating these canacitances to even and odd mode choracteristic
impedances of coupied recvangular bais Possible applications to strip-

line avnd oth o oo e nre Clsor sbed

An nopendix gives the derivation of the fringing capacitances by con
form | mapping techiigues  The results are exact for bars exteuding in
width infiniteiy far from the coupling region, and have only small error
(less than 1.24 percent) for bars whose widLh 1s greater than about

35 percent of the difference between plate spacing and bar thickness

Sowe previous work for the Signal Corps done at Stanfurd Research
Institute presented design theory for lower or upper sideband up-
converters for use as electronically tunable filters Such devices were
shown to have wide tuning range capability when designed using a wideband
sigral input impedance-matching filter, a moderately wideband pump input
impedance matching filter, anrd & nui1iow-band output filter Voltage con
trol of the tuning can be achieved Ly using a voltage-tunable pump
oscillator, since ithe pump frequency will control the frequency that wili
be accepted at the input of the amplifier A trial strip line louwer-
sideband up-converter was constructed using the previously developed theory
The measured 3-db bandwidth tuning range was 38.5 percent as compared to
40 percent for the design objective, and the neak gain wae ¢.6 4 thic
1oput band center was 946 Mc while the s.deband ontput was .+ ¢ ° bk

The noise figure has not yet been measured but an estimated -:i.e .o 4.1 db
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I INTRODUCTION

Work on several preceding contracts, of which this present contract is
én extension, included the development of design techniques for the pre-
cision design of various types of couplers and fjlhers using pnrdlle15
coupled lires. Quarterly Progress Reporr 1 on this contract presented
various design dava for filters formed from zrruys of parallel coupled
conductors, such as occur in interdiwitsl line. One ver ' attractive way
of ronstructing directional couplers or filters using such parallel-
coupled line structures is to have the iadividual lines consist of rec-
tangular bars croveciy Dervween puraiats ground pianes. The data preseic.u
in Sec, II of this report make possible the precision design of such
rectangular-bar, parallnl-coupled lines.. The data giveﬁ will also be
useful for determining the capacitance of many other structures having

right-angle corners.

One of the problems heing studied on this project is means for de-
gigning electronically tunable microwave filters. In the past a study was
made of the feasibility of using variable-capacitance diodes as voltage
controlled capacitors in filter circuits. In principle one can use capac-
itors to obtain voltage-tunable filters, but our studies showed that
presently available capacitors have too low a Q to be ¢f much use for
voltage-tunable microwave filters, though they should be useful at lower

frequencies.

Work 1s continuing on the use of fercimagnetic resonance in yttrium-
iron-garnet resonators which provide means for designing filters that can
be tuned by varying a DC biasing magnetic field. This approach appears to
hold considerable promise for electromic tuning applicr'ions at frequencies

around 2 Gc or above.

Some previous work on this project dealt with decign theury to-
vur'.ule-capacitance diode up-converters for use as electronically tunuble
filt.rs. The amplifier is tuned by adjusting the pump frequency, where
the ::mp oscillator would be of the voltage-tunable typ~. Using the pre-
viously developed design theory, a luwei-sideband up-cor~vev-er ha- heean

built and tested. The device and its measured performunce s+ deacribed
in Sec. III.




IT COUPLED RECTANGULAR BARS BETWEEN PARALLEL  PLATES

A GENERAL

~In working with shielded strip line, it .5 sometimes desirable to
couple center conductors having appreciable thickness  The rross section
of a Lyplgai structure of this type 18 shown in Fiyg II-1  The:e are two
parallel ground planes spaced a distance b apa:i., and two rectanpular bars
located raralle]l <o and midway berwesn +he ground plane It 1s well
kiswn'¢" chat TEM propagation along such a strucsture can be described in
terms of two orthogonal modes usually denoved the e¢ven mode and the odd,
mode Tio ohe wcen yody . both cenier conduteors g2e a2t the same potenlia.
while 1n the odd mede the tw: .enver conduciors ave at opporsite potentials,
with respecst (o the ground plaues These :wo TEM nodes have different
chara:ter.scui: xmpedan'gsv whith are 1nt.mazety relazed to vhe stanaic
wapa:.tances- of +he bars to ground These -apz.itan:es ave given conven-
tionally as perailel piate caparitan.es be-wuern bar snd ground planes and
frainging capacitan:es from =nds and corne-s of the ba:s, as indicated
¢ hemavically n Fig. II 1 Th:s zepost presents graphs of -he fringing

capacifanzes for the twomodesz fo: w.de ranges of bar rhickness and spa:ing.

b
1
A-3s27-u1y
FIG. 1}-1 COUPLED RECTANGULAR BARS CENTERED B IWEEN
PARALLEL PLATES ]
1
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The curves are bssed on an exact conformal mapping solution for bars ex-
tending in width infinitely far from the coupling region, and are appli-
cable with negligible r~rror for rectangular hars whore widths are greater

than about 0.7 times vhat of the gap between the surface >f a bar and the

~nearest ground plane.

B. TECHNICAL DESCRIPTION

The characteristic impedance, Z , of a loss! ss uniform transmission

line operating in the TEM mcde is related to its shunt canmacitance bys

: n
2Ve = ——— i S (II-1
A TS ohms ( )
where
¢, is the relative dielestric constant of the medium in

which the wave travels
n is the impedance of free space = 376.7 ohms

C/e is the ratio of the static capacitance per unit length
between conductors to the permittivity (in the same units)
of the dielactrie medium (This ratioc is independent of the
dielrctric constant.)

The even and odd-mode impedances of coupled TEM lines'? can be found by
substituting eren and rid mode capacitances of the lines into Eq. (Il-1).

A peneralized schematic

strip transmission line 1s (/—b}___w —
shown in Fig. 1I-2. The cir- \l/ i {\' >
Cor A= 1

or
conductors. The capacitance —[

diagram of shielded coupled ] AC: $(Cop~Cor)

cles represent the coupled

. T
to ground for a single con = 6 onae

ductn: when both conductors

2i¢ ar the same potential is FIG. 11-2 GENERALIZED SCHLEMATIC DIAGRAM

. . *he even-mode capaci:

Lane The capacitance to ground when the two conductors are oppositelv

char,-d with respect to ground is O . (he odd ncde capacitence.

The structure of Fig. 111 18 composed of parallel planai surfaces

This mokes 1t practical to consider the total capacitance of o given atrip

RAL. S wasT



to be composed of parallel-plane capacitances

plus appropriate fringing
capacitances.

(Fringing capacitances take into account the distortion of

the field lines in the vicinity of the edges of the plane strips.)

Figure II-1 relates the various capacitances to the geomeiry of the struc-

ture under consideration. Thus, it can be seen that the total even-mode

capacitance, C, /€, from one bar o ground is

C,./e = 2(C /e + Cp /e + Cile) (11 2)

and the total odd-mode capacitance, Coo/e, fron one bar to gronrnd is

Cao/e = 2(Cp/e + C}a/e + C}/E). (I1-3

In Eqs. (77 2! Tl oy T

DO . U e pilmi.ct-pidle capscitince f
the top or bottom side of cne bar to the nearest ground plane, C;! 15 the
capacitan.e tu wround from one

rorier anag half the nssociated vertical

wall in rthe coupling regica of

@ bar for even mode excitation, C}o is the

capacitance to ground from one corner and half the associated vertical
wall in the coupling region of a bar for odd-mode excitation, and C} 18

the capacitance to ground from one corner and half the associated vertical

wall away from the coupling region of a bar for any excitation. Considera-
tion of Fig. II-2 and the definitions of even
show that the capacitance, AC/¢,

and odd mede capacitances

from one bar to the other 1s given by

1
AC/e = 3-(Con/e -C, /€ . (11-4)

Subtraction of Eq. (I1-2) from (I1-3) shows that AC/€ can be written en
tarely in terms of the fringing capacitances as

AC/e = C}a/f - C}./e . (1T-5)

Figure II-3 is a plot of both even-mode fringing capacii:n ..
;'/f. and the capacitance, AC/e¢, beiwecn bars as fu.ctrons of ny 1
ae.; and spacing while Fig. Il-4 i1s a similar graph for the odd-mode
fr.iing capacitance, C;o/f' The derivation of Figs. YI-3 end I1-4 i1s de-
scriped 1n the Appendix. Figure II-5 gives the - ei, . - _Lacitance,
C}/f, from the outer edges of the bars as a function -0 ¢t tue. . The
parallel plate capacitance, C’/e, is given by

4
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FIG. 1.5 FRINGING CAPACITANCE FOR AN (JULATED RECTANGULAR BAR
w/h )
G e - R (II())
P 1 - t’b
where w and ¢ are the width and thickness of the bar. Through the use

of the above relations and fipores, it is possible to relate physical Ji

mensions of the given -onfiguration to even- and cdd -mode capaciter oL |

1mpedances

. LSE OF THE GRAPHS

L.aally an engiincer designing parallel-coupied line: frvot deiorming s
the vuines »f even and odd wode impedances, 2, and 7 ar o0 L0
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odd-mode capacitances, C,,#nd C, , 8s required by theoretical considerations.
He then wishes to determine the corresponding physical line dimensions. A

simple procedure accomplishes this. Using £q. (II-1) in Eq. (IT-4) gives

ac/e ——?;(—'— - —l-) : (11-7)
Ve, zZ,, ZO',

Values of & and ¢t are selected, end used with the vzlue of AC/¢ found from
Eq. (I1-7) to determine s/b directly from Fig. .1-3. Next, C_, /¢ isdeier-
mined by wsing Z , in Eq, (II-1), and then C' /¢ and C;’w are found from
t/hb and from the graphs of Figs. 11-3 and [I-5. These quantities can Y-

substituted into the iollowing equatios to give w/b:

, 1 ¢y [Coel® s ,
=t (1 ‘ ;) = -0y -cpre (11-8)

Equation (11-8) results from substitution of Eq. (I1-6) into Eq. (II-2)

and rearrangement of terms.

Thua, the two vnknown dimensions, s/b and w/b, hsve been determined.

. CONSIDERATIONS OF ACCURACY

If the ber width, w, is allowed to become too small, then there is
interaction of the fringing fields from the two edges, and the decompos;-
tion of total capacitance into paraijel plane capacitance and fringing
crpacitances (which are based on infinite bar widths), is no longer
accurate. Cohn? shows thnt for a single bar centered between paralle)
planes, the error in coteal capaciiance from interaction 6f the fring'ng
fields 18 about 1.24 percent forw/(b - t) = 0.35, where w is the width of
the bar, t is its thickness, and & is again the ground-plené spacing.
If u maximum error in total! capacitance of approximctely ti.. asg:t’
is ~llowed, then it is necessary that [(w/b)/(1 - ¢/b)] > v.35.

Should this inequality be too restricting, it is possible to make
apnioximate corrections based on increasing the paraliel-nlete capacitance
to cmpensate for the loss of f{ringing capacitance due to i(nteraction of
fringing fields. If an ianitial vaiuve, w;/b is found te be less ¢ an

0.35[1 - (¢/b)), a new value, wy/b can be usei, where

w, /b = {0.0701 = (¢/b)) +w,/b}/1.20 (11-9)
s




provided 9.1 < {w,/b)/[1 = (¢/b)] < 0.35. This formula is based on a
linear approximation to the exact fringing capacitance of single thin strip
for a (w/b)/{1 - (t/b)] ratio between 0.1 and 0.35. As the relative strip
width becomes narrower than 0.35, the fringing_capacitance, defined as
total capacitance leas parallel plate capacitance, becomes smaller. The
total capacitance is given by substituting into Eq. (iII-1) the exact thin-
strip formula for Z given in Ref. €. Equation (II-9) adds sufficient
parallel-plate capacitance to compensate for the loss of fringing capaci-
tance. The loss of fringing is acsumed to vcry ‘inearly below = relative
width of (.35, Although the formula is aaalytically only approximate, 1t
is sufficiently accurate for practical use because it does no more than
give a small correctici to a quantity that is reasonably close to the

exact velue. J+ ~oot R N SR Y Y BRI, PR R B I

g - [N

The derivations for the {ringing capacitances are exact for hars ex-
tending in #idih infiniielv far to the right and lefit away from the coupling
region. The original computed values were accurate to eight places. However,
in order tou give values of fringing caracitance associated witk constant t/b,
it was necessary to use graphical interpolation, &«s pointed out in the
appendix. The plotted points were held to an accuracy of three figures after
the decimal point, so zhat the interpolated results are slightly less ac-
cvrate. The curves of Fig. II-3 and II-4 are accurate to within about -one
or two percent. Howeser, since fringing capacitances are usuully not the
predominant pauct of the total capacitance of a structure, total capacitance

can be specified with somewhat greater accuracy.

Figure II-5, for the fringing capacitance, C}/e, of a esingie bar ex-
tending infinitely far iu one direction, is besed on an exact solution
given by Cohn.® The same data can be found from Figs. 11-3 and II-4 by
reading either C;‘fe or C;°/¢ as functions of t/b for large s/b. The ac-
curacy of Fig. II-5 is thus limited by the precision to which the graph

can be read.

E. APDPLICATIONS

Figureaz XI-3, 1I-<, and II-5 for fringing capacitances can be used for
a v..iety of structures, as shown in Fig. 1I-6, simply hy adding the appro-
pri-te fringing capacituncas with the parsllel 5.iave: capacitances to give
the even-wode capscitance, the odd-mc?~ rapaciter-e, . i} (otet capaci-

tence. Use of Eq. (II-1) then gives the asecciated characteristic impedance.
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FIG. 11.6 POSSIBLE APPLICATIONS

Thus, (a) in Fig. I1-6 shows ordinary shielded strip-line and the capaci-
tances tnvolved when it is open, closed at one end, or closed at both
ends.® The structure closed at one end is sometimes called trough-line,
the atructure closed at both ends is sometimes called rectangular cnaxial
line. Similarly, the even- and odd-mode capacitances and impedances can
be determined for the coupled structures shownin (b) of Fig. 1I1-6 for
open or closed endz. This simple technigue may also be applicable when
the arms of an N-wev pover divider in shielded sztrip-line must rur par-
allel for scme distance, as shown in plan in (¢) of Finr F¥T_A The avan-
would then be sppropri:zic f~r anivacent

mod_. fringing capacitance, C;‘,

edges of the arme.

L ] .
The nutetsons in Fig. 1i-6(a), C}G(S./b) and C}.(S./”. does nct indicate wu' \.lie. - . L.l meresv
that C;. ie to be evalusted at S.Ib or 3&"' as sppropriste for ke spacing [tz the ue.rby sal!.
10
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Both even- and odd-mode fringing rapacitances would be necessary for
multi-e'ement lines, such as are shown in (d) and (e) of Fig. II-6. The
cross section shown in (d) could be part of a meander or interdigital
line, while that in (e) might be part of a finite or infinite array of

elements, which might be used as an artificial dielectric medium.

The curves given herein can be used in the design of wide-band,
para]lei-coupled, strip-transmission-line filters, such as described hy

5 have presented design data for

Matthaei.* Also, Bolljahn and Mat:haei
slow-wave structures and filters using parallei coupled arrays of line

elements. Some realization of those devires use relatively wide reziuugu-
lar bars to form an irterdigital liie, comb line, meander line, or similar
slow-wave line. In such cases, the curves given herein greacly facilitate

the process of precisicn dacion,

Another application of coupled rectangular bars is to strip-line

directiona! couplers, Adescribed by Jones and Bolljahn?, in which the use

of rectungular bavs allows closer coupling to be achieved with less critical

tolerances.
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III AN EXPERIMENTAL ELECTRONICALLY TUNARLE UP. CONVERTER

A.  DESCRIPTION OF TRE DEVICE

The up-converter discussed herein achievea electronic tuning over a
wide bandwidth by use of & wideband signal irput circuit, a wideband pump
input circuit, and a narrow-band lower sideband output circuvic. For =

signal to be pussed by the ampiifiev, che frequency relution
)
f o 2~ f1 ([11-1) . /

must be satisfied, where f is the signal input frequency, f? is the pump ] "
freque cy, and f4 is the wutput frequency. Since the frequency f, is i
fixed by the narrow-band output circuit, the input ecceptance frequency Coee
can be controlled by varying the pump frequency. With the use of a -
voltage-tunable pump oscilliator such as a carcinotron, the amplifier can

te made to be voltage tunable.

Figure III-1 shows a semi-lumped equivalent circuit for the amplifier. PR
The varactor diode is resonated in series by cascading it with a transmission

line having » high characteristic impedance (Z, = 207 ohms). In thecircuit -

SIDEBAND CUTPUT
to - 4037 M¢

A -
WA o

$

e
-

fo = 4037 Me —_ | -
0100¢ I , -

€t my Ly J'
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- AtA, - -
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'_rm - - . ] -
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1. 2983 e
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FIG. 1) EQUIVALENT CIRCUIT OF THE UP-CONYERTER DISCUSSED HEREIN
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as shown, the diode and high-Z, line exhibit series resonance at f,, the
center of the input frequency band, and also at f4, the center of the
pump-frequency band. On the left is a shunt resonator which is also res-
onant at f,. The shunt resonator on the left plus the f, series-resonance -
of the diode circuit provide a two-resonutor-input impedance-matching ]
filter. The shunt resonator on the right (which is resona~t at ff) along R
with the ff series-resonance of the diode circuit provide a two-resonator ;
impedance-matching filter for broadbanding the pamp circuit. At the top
of Fig. ITI-1 is shown an output resonatur that hes loose, capacitive

coupiing. This resonator has a sharp resonance at the lower-sidcband

frequency, f;, and provides th: regulisd lower-sideband .ermination ard T-;A/
ouvput circuit. Design theory for electronically tunable up-convertars i
of this sort has been presented previously.®’ .
g
Figure [II-2 shows a simplified drawing of the strip transmission- o o
line realizuiio. ef the arcuit in Fig. III-1. The diode used is a J E
Hughes iNB896 dicde in « computer type of package. The 0.020-inch-diameter f:;
wire leads of the dicde provide the high-Z, line to resonate the dicde. R
The input, shunt-tuned circuit is realized as a short inductive stub in
parallel with a capacitor block having thin dielectric et its top snd = m

bottom. The shunt-tuned resonator at the pump input in Fig. III-1 was re- RN
placed by a modified form of resonator® consisting of a nominally quarter- e
wavelength line with inductive coupling to the diode circuit and capacitive \
coupling to the pump input line. The lower-sideband resonator is of the

half-wavelength type, with capacitive coupling to the diode circuit and to

the output line. Capacitively coupled half-wavelength, band-stop res-
onators were added at the pump and signal input lines to prevent eny leak ?i?'

age of the lower-sideband signal. The signal input line (on the right}

had a step transformer to raise the i1nput impedance from 50 to 62 ohms. :;.
Figure 111-3 shows s photograph of the strip-line amplifier with its

cover plate removed. It had been planned originally to use a quarter- ’

wavelength resonstor for the lower-sideband output uwiilizing snov-c:ve -

coupiing to the diode circuit and capacitive coupling to the ~=r- . - - T

This "uowever, did not prove entirely satisfactory, since it w: . liilacualt
to weke the inductive coupling as tight as desired. As a resuvit, the

soms hat makeshift half-wavelength output resonator skown in Fig. III.3
was inserted, using capacitive counling »' hoth enuz, 1t w+s neceasmarv
to mexe this output resonator S-shaped in order to ma:  4i iiv arro the

space sveilable. Provision was mede for applying eaternal bias to the
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dinde by use of a fine wire lead seen at the left in Fig. TII-3, but the
device wus operated with the diode DC-bias connection open-circuited,

This method of operation provides self-bias when the diode (s pumped.

B. MEASURED PERFORMANCE

For a device of this type to be practical it is necessary that an
impedance-matching filter be used t¢ broaden the bandwidth of the pump
input circuiv. % Since most of the pump energy :s abso-bed in the diode
reci1stance, which is quite small, and since the rcactance slope of the
diode-circuit resonance at the pump frequency is gquite large, a hro:dbang,
low-VSWR natch is not possibie However, the refleztion loss can be kept
to a minimum and made to be quite uniforn across the required pump band-
width by use of a prorerlv deciened mpedance-matchine filrer. Figure TTI-4
w«nows vne reflection loss in the pump channel of tie amplifier, as compuied

from measurerd VSWR., The reflection loss 1s seen Yo be ccustant within

0.2 db from 4.8t to 5.26 Go

Figure III.5 shows the measured tuning characteristics of the amplifier.
The poiuts on (his response were obuained by setting the pump frequency, and
then adjusting the single i1nput frequency until an outpu: frequency of ex-
actly 4,037 Mc was obtained. The output frequency was held directly ro
4,037 Mc since, 1n typical cases, an amplifier of this sort might be fol-
lowed by a surerheterndyne receiver of quite narrow bandwidth  All of the
points were caken with an 1ucident pump pover cevel of 67 mw 1n order to
simulate operation with a pump source having constant .noi1dent output power.
This level of pumping 1¢ less thai “hut giving maximum ga:n but it should

be about right for optimum noise figure

The tuning bLandwideh of the amplifier is seen to be 38.5 percent which
is 1n satisfactory agreement with the decign value of 40 percent. The peak
gain of 12.6 db was chonen as & prz:ticai comprumise welve, {Higher gain
can be achieved by edjusz.ng the -oupling of the lawer-s:deband output
rescnator.)  S:pce abou:r 9 db of he ga:n 1s due to the ( .guen.; rurie
fo/fo, the negative--esistance component of gain 13 v& ; Gy
th:* of most parametr.c ampiifiers, which makes th: ampiific. selatively
inscasitive to rerminat.on VSWR. However, even with a gain o/ around
10 4., . the amplifier can still serve as a low-nolise rreampl fier as weli

as it elactrny’ - cuner,
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C. NOISE FIGURE

At m:dband the ressnato:s of the i1nput and output fi

Iters ure at res-

onance so that the filter c.r:uits present purely real ymnadances to the

time-varying ccmponent of the dicde capacitance. ™’

the circuit can ther be reduced to the simplificd (ircurt

for vurroses nf analysis

in Fig 111 6.

In chat figure R,, 1s the resistance presented by the inpur fatver, By,

1s the resistance coupled 1n by toe lower-sidehund cutpur resonavor
t

H TR

the diode resistance plus any other series icsistance seen at e midband

input frequency f,, while B' as the diode resiorau e plas any other

resistance seen at the lower sidehand f:equenc, 1) The box marked

ERAID AR

(X, ¥,,}, represents tie oupling c¢ifect of the tume nu-y.ng component ol

the diode zapacit-nce and®”

(000"
(XX, 0, = (111-2)
2
\? :
. . Y : R
Q2 f 0102 ’Ocu’ i ;

The Fourter-series capocttance coefficrents O and 00 are defined a

drcated by the expression

Clrr v Gy v 20, cos (20170 0 2

for the capacitan:e of a pumped diode In Fog 111-60 B and B oae
\

s oan

B3

e hoth

g ’
assuned to be at tewmperature T but By and By wav te at other tempera

taros T,oand T) respe.tavely

Roa Rs R,
W VD Sy o—— A=
’
[, T, T, -
™, (%, Xz,0 SRy,

e e e —————
AT FREQUENCY 1, AT FREQUENCY 1/
CEELYIANM |

FIG .4 DEFINITION OF PaRameL i ERY FOR DETERMINING
THE AMPLIFIER MID-BAND NOISE FIGURL
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Using the sbove definitions it can be shown that the midband noise

figure cia lowerwsidebandup-corverter is*

' 2

R, fa ot Riofyo R, : R,

F = i+ + = e 1+ 7 1+ ;r“‘
Ry, fo & (X X500, ) 50

(I11-4)

/ R;\\‘ R:\ (szxzx)o_j 21
\1+“'(1*"T T
\ Reo/ \ nbo/ Ryoltys J

1
= |

where

T T

- —
i

-~
-~

fYYT P
.

‘e 2

For the amplifies des::ibed, approximate values for the various parameters
are Ry, = 62.3, By, = 11.5, fo/f, = 4.27, (X, ,X, )¢« 410, R = 4, end

R; = 4.75. The R, and R: valnes given include diode resistance plus esti-
mated resistance due to input and output circuit loss. Assuming that the
amplifier and th: terminations are all at the same tcmperature so that

a = d' = 1, the estimated midband nuise figurz is then 2.1 db. The noise
figure will change some at tuning frequencies other than midband, but it

should not vary much within the operating band.

Figu-e I/I1-7 shows a possible way of operating the amplifier when
extremely high sensitivity is desired. [ this circuit a circulator is
used at the lower-sideband output so that a “cold’ termination can he
introduced. Hecent deta’® indicate that at + Gc the sky has a temperature
of about 3°K. Thus, the vold termination could be obtained by pointing a
directionel enteniia at the sky. In this manner the circuit shown 1in
Figure III-7 would provide a cold cermination for the lower sideband, while
at the some time providing a readily accessible outputl post. a0 uiun
wol:d also cause any excess noise from the superheterodyne re:. -
radiav=u to the sxv, which would prevent such excess noise fv- ieir.y.ug
the up-converter noise figure. An i1solator is shown at the input of the
up-..nverter which would make the system absolutely stuble, regardless of

the irnut termination.

L]
This exprasaion sssumes that the ounly acise present .o the therws) noise in n,, nbO and n‘o. Suel an
sssumptior iy usually satisfactory.
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ANTENNA POINTED AT SKY
YO PROVIDE “COLD" LOWER-
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FIG. ilt.7 PGSSIBLE SVSTEM FOP HSiNG ELECTRONICA.LY TUNABLE UP-CONVERTER
WHERE EXTREMELY HiGH SENSITIVITY IS DESIRED (The circulator and the
antenna pointed at the sky are introduced 1o give an extramely low noise figure.
They are not essential to the operation of the system.)

faking Tc = TL * 290°K, while assuming T; = 5°K, then @ = ) and
o' = 0,01725. The estimated noise figure for the up-converter in Fig II1-7
is then 0.68 db. If the isolator at the input had 1.0 db 1nsertion loss,
this noise figure would Le raised to 1.98 db Assuming that the fixed
tuned superhetercdyne receiver has a norse figure of 7 db, the midband
system notse figure would then be 2.78 db (assuming 11 db midband amplifier

gain as (ndicated 1n Fig. 111 5).

Laboratory p.ocedures 1o measure the nois. figure of the amplificr
have been started, bui they have not bLeen compieted at the time of this

wriiasng.
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IV CONCLUSIONS

A. COUPLED RECTANGULAR BARS BETWEEN PARALLEL PLATES

The charts of fringing capacitances presented should be usefal for
a large variety of microwave engineering problems. Some applications of
immediate interest are the precision design of irectional couprlers uasing
parallel-coupled rectangular bars betwezen ground planes and interdigital
line filters consisting of parallel arrays of bars haviug rectangular

cross sections.

B. ELEUCTRONICALLY TUNABLE UP-CONVERTER

The experimentai sle.t-unically tunable up-converter performed very
much as predictsd by the previously developed theory.$%’ Approximate
calculations previously presented®’ indicate that it should be practical
to design such devices tor tuning ranres as large as an octave. The
previous estimates along with the results presented herein show that
electronic.ily tunable up-converters provide a practical way to obtain
clectronic uning for large bandwidths in frequency ranges extending from
a few megacy.'es up to the range where the garnet filters being studied
on this contiact can be used for electronic tuning (2 Gc and highur).

By using the 1ew high-¢ diodes, and possibly by using diodes in a push-pull
configuration, electronically tunable up-converters having input fre-
quencies significantly above 2 Gec may be poussible. The estimated noise
figure of the trii! amplifier indicates that it has potential valuz as

a low-noise preamp ificr as well as an electronic tuner.
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PROGRAM FNR THE NEXT INTERVAL

It 1s anticipated that the work for the next interval will include:

(1) Further work on filters wiih megnetically tunabie
zarnet resonators

Furtlher work on interdigital line {;!t ¢s
%ork on band-stop filters

Work on micrewave filter book.
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APPENDIX

DERXVATION OF FRINGING CAPACITANCES

.  PRELTMINARY

It 18 desired to determine the static fringing capacitanccs shown on
the structure of Fig. II-1 by marns ¢ ranformal mapping techniques.lmn
Thi~ can be done by subjecting the boundaries of the structure to trans-
formations under which capacitance is invariant, and that lead to a new
struetn=c Ffoap o wlooh (cul2Lon0d 186 Kknown,  duntraction of parallel pilat.
capacitances of the original structure from the totol rapacitance then
leaves the fringing capociterces, The analysis will be limited to struc-
tures in which the bars are so wide that interaction between fringing fields
of the two edges of a single bar are negligible. As discussed in Sec. II-D,
this requires that the approximate relation {(w/b)/{1 - (¢/6)]} > 0.35.be
held. Under these conditions it is possible to let the bars extend 1in width
infinitely far to the left and right without disturbing the fringing fields
appreciably in the coupling region where the cap.citances interact. The
vertical centerline shown on Fig. 1I-1 may be replaced by an electric wall
(conductor) Y5~ the odd mode, or by a magnetic wall for the even mode, in
consideration- of the symmetry of the structure. Also, the electric field
can lie paralle]l to the horizontsi centerline where no conductor exists,
bu* cannot cross it becsuse of the symmetry. Therefore, a magnetic wall
can be placed along the horizontal centerline. These modifications allow
analysis of only one-quarter of the total symmetrical structure. The
mathematical model is shown on the z-plane in Fig. A-1. Conductors are
indicated by solid iines and magnetic walls by dashed lines. The upper-
case letters denotc pertincnt points of the struvcturc ard w.ei. =iv.

refe.ences when transformations to different complex planes a:.

fhe anaiysis consists essentially in transforming the contours of the
siriture on the z-plane into a parallel-plate represcntation on another

compiax ;lane, where capacitance can be computed directly.

The static electric fields of interest lie withi. ths _,!ygun cefined

by the boundaries of the structurc on the z-plane. The intevior of this
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polygon is to be mapped onto the first quadrant of the t-plane shown 1n
Fag. A-1. The integral resulting from direct use of the Schwarz-

Christoffel transformation 1s

%
- 42
. - - %) dt (A-1)
1 V4
Jr - k%)% - k2e? sn? q)
where, for the present, 1/k and 1/{k sn a) are the point: on vi- « - '
avie tn which the corner F and the point =;% aap from che z-plane G

tntegral car be evaluated by turther relating the first quadrant of the
t-nia = to the interior of the fundamental rectangle of Jacohian elliptyc

funcrions on the u-plane, also shown en Fig A1 ... : (i . (ausformation

(A-2)




This substitution gives

1 - k2 an? u sn? a

2
cn’ u du
z = J (A-3)
In the above equations, an u and cn u are Jacobian e«liiptic functions
having a quarter-period 4K determinad by &, denoted by convention as the
modulus. By virtue of Eq. (A-2), & can be cuisidered to be a point on
the perimeter of the fundamental rectangie on the u-plane. It is conven-

ient to let

A
a = K- jB (A-4)

) 3 LI CER BT |

by definition. F1+: = 7 0 LD il L sl as inaepepdenc variab’

The mapping of the z-plane onto the t-plane in this manzer has been
carried through by Cock.of? 2 those symbols are retained in Fig. A-1 and
in the equations given 1n this section. The distances on the z-plane are

given by Cockroft as

dn g
d = K [1 = — Z(a)] (A-5
k% sn a cn a
d
g * - J T __.dna (A-6)

X' n
hoe jaX ;T —dns (1~1> (A-7)
K 2 k? snacnoa

It should be noted that g is a negative quantity and h an 1mAgir.ary one.
The quantity dn o is slso a Jacobian elliptic functinr end Z{a) ic the
Jaccuian Zeta-function. The quantity K’ is the same funitisn nt rhe

compienentary modulus k', as K is of k. The moduli sic iviated Lo

k2 + k' = 1. (A-8)




Comparison of Fig. I1-1 with Fig. A-1 shows that the conventional

nornalized dimensions, s/b and t/b, of the rectangular bar structure are

related to Cockroft’'s dimensions, «, a, and h, Ly

-
S/"l n ._L..._
- g
(A-9)
o
t/b
d -z

Thus, the physical dimensions ~f the Ll uncture of Fig. 1.1 have leen re
iat.d to the parameters of the u-plane by Egqs. (A-5). (A-6), (A-7), and
(A-9).

Now 1t 1s necessary to transform the t-piane to a parallel-plate
structure, ::d determine fringing canpacitanres as functions of u-plane

paramet.rs

2. 0DD MODE CAPACITANCE

The two rectangular bars in Fig. II-1 are at equal and opposite

velrages when energized in the odd mode, so that the plane midway between

the bars is at zero potential. Thus, a conductor may be placed in this
plane without disturbing the fields, This is indicated by the solid line
between £ and ¥ on the plancs of Fig. A-1. For this condition, the t-plane

configuration can be transformed to a parallel-plate structure of unit

height by the function

1 1 + ¢tk
v = - ln(""—'_s"n—2> , (A-10)
n 1 ~¢t k sna

whicl moves the sin;jularity at AG to infinity. The interesting region of

the w-plane ;s shown in Fi1g. A-2

’1lm-
The fringine capacitance i € F } ’

i

1= e difference hetween the !
. 10 C A
tutar capacitance »f the struc- o A — — Re w
ture (total capacicance 1s the .
L1 [IRYYI In

same cn both z- and w-planes)
and the parallel-plane FIG. A-2 w-PLANE FOR GOD-MODE €/ .-ACI TANCE
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capacitance of the z-plane structure. A reascnable definition for z-plune

parallel-plate capacitance, Cp is parallel-plate capacitance exiscing be-

] ’
tween the ground plane and the full length of the rectangular bar.

Mathematically,
c

f = lim Imiz/g) . (A-11)

g,y @
Then the odd-mode fringing capacitance, C ¢/¢, is

C'o/e = lim {w(z) - Im(2/g)] (4-12}
f0 yoerirg

where w(z) is given by Eq. (A-10) relsted to the z-plane. In order to

~e
i

evalnae - “. "% 15 uaccessusy that both w and Imfz/g) be expressed as

;o
functions of u. The limit must also be in terms of u. From Fig. A-1 it
can be seen thut as ¢=~,% zleng the path from C to A, then

u =K+ jK' - jir along the path from € to A. Thus

z(u)
Clo/c = 1 (u) -~ I . (A-13)
10/ “__’Hllkﬂ)_”s [o u ] g]

Svbstitution of Eq. (A-2) into Eq. (A-10) gives

1 1 + &k
wiz) = = In ( s @ sn i) (A-14)
]l -~ k sn a sn u/
The limiting process is saimplified by letting
a = K+ jK' - j8 - jb (A-15)

where 8 = 0 as u =~ K + jK' - jB along the path from C to A Assuming
very cmall 8, and using various elliptic function equivaiences, such as

may be found in Ref. 13, Eq. (A-14) reduces to

1 1 ] 1
v(u) »~ = 1In2~=In (-,’ 5'-'——"——93—“-) - = ns . (A-18)
§~0 k4 ” anu a kg
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Cockroft’s'?Eq. (44) gives 2(3) as

-
28) = (K + jK' - jB) L - dn o Z(ail

E? snacna
(A 17)

dn a . e(jr' -~ j¥)
Ve w - 94

RCR

k? sn a cn a

Using liq. (A-17) with Eq. (A-6), and passing to the limir of & approaching

ZeéTro, glves

l-z"-' r." "N " N ,
e AR e Ly L et - oin
R | g_] A 2 Lg = /'(a)_i + ~In e(jK 2j£)

(A-18)
k! 1 2kk'K l‘l 5
4K. 07 . L "

in Eqs. (A-17) and (A-18), the term ® is Jacobi’s Theta Function.* Now
Eqs. (A-16) and (A-18) can be substituted into Eq. (A-13), yielding

2j sn a_ 1 2kk’'K K’

1
c../e = =1 - +—
’°/r 7 cn a dn a 2n ” 4K
N (A-19)
25 I; 1
— + (K - ) [—’zu)w—J - = ln OUK' - 2j§3)
" g W

This is the finel form in which odd-mode fringing capecitance will be

presented.

3. EVEN-MODE CAPACITANCE

The two rectangular bars in Fig. II-1 are at th> name poienci.:
en.rgired in the even mode, so that no electric field crosses the plane
mid ‘ay between them. Thus, a magnetic wall many be pleced in this plane
without disturbing the fields. This is indicated by t' » d+ahed )ine be-
tween B and F on the planes of Fig. A-1. The upper he!’ =" t} plane
is mepped into s strip of unig height on a ¢, plane 1n such «» manner that
the sirgulerity et AG is removed t0 infinity by ¢he transformation

0

_—

e




r
1 ! t ksna+l (A.20)
t s - ——r—— . A-
1 . t k sna-1
= The t1~plane 1s shown in Fig A 3. Notice that the upper half of the

t-plane maps 1nto the strip darectly below the e t; axis. The positive
half of this strip is next mapped ontu the lower hali of a t, nlane, shown

in Fig. A-3, by the transformation

] t, = M- 1+ M cosh 7r, (A-21)
e where
y A P cn2 a
] = - = - " (,"2())
1 + cosh th(F) sn? a
1
i iImt
‘\ —— - - e - -
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I'inally, the desired parallel-plate configuration is achieved Ly mapping

the lower half of the ty,-plane onto the positive half of a strip of unit

'eirht on the w -plane, vsing the transformation

w, = arc cosh (-t,) . (.-23)

The w,-plane is also shown on Vag. A-3. Combining tHgs. (A-2), (A-70),
(A-21), (A-22), and (A-23) rives w, as a functicn ol u:

IS

. - 7
1 : n* (k a ul* + 1
v, {u} * — arc cosh {; L b - 2 L ' (A-24)
m L sn? a  sn? (k sn ¢ sn u)? ~ HJ

[~

As witl the odd nmode, it is convenient to use the veriable &, defined
by ¥q. (A-is}, in passing to the limit. When Eg. (A-15) is substituted into
Kq. (A-Z4) and appropriat: approximations wade for small 8§, manipulation
yields

1 1 /. cn a 1
s = « =1 ———) =~ = in & (A-25)
wsl(;.) thz+,,"\!snadna) i

| Using the dafinition of z-plane parallel-plate capacitance given in

Fq. (A-11), the even-mede fringing capacitance, C}‘/e is

ch, r
— + Jim tal(u) - In ’(“)] . (A-26)
€ 5=0 I

Substitution of Egs. (A-25) and (A-18) into Lq. (A-26) yirelds, after
simplification,

1
Cre 1 { =2 cn oa i k'K x'
—— & = ]p - + — p ~ — 7 —
€ n \sn a dn g 2n n 4K

3
L

2,7 1 1 |
+ K- m[—l—-—g-)- ~°-] “ 2 ln BGRT - 250)

n [4

This is the final form in which the even-mods fringiny capacitance will
be given.
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4. DIFFERENCE OF FRINGING CAPACITANCES

The difference between fringing capacitances, C}o/e - C},/e, is a
very useful quantity because 1n most coupled structures it is also half
of the difference between total ndd-mode and even-mcde capacitances  This

difference is found by subtracting Eq. (A-27) from Ey. (A-19), yielding

' ¢ 2 \ L
o 1
L (- 20 '—'—). (A-28)
€ € n en? a
5. EVALUYATION OF FORMULAS L
)
The curves of C;, /€ nund C}o/e - C;‘/e as functions of s/b and ¢/b-
were determined in th> following manner. Values of 0 < k < | were selerted e
fooo toiee™® (Lain determined K, K', and k' Then for each value of B
k, a range of values of S/K' was selected from tahles¥® that gave sa(5, k'), ; ’ﬁ
en(s, k"), and do(i, k'), Those functions are related to sn a, cn a, and .
dn a by .
(a,k) !
snla, = —
" dn (2, k") e
snlf k') ;~l:
(a, k) = jk' —————— (A-29) S
cnia / dn(f k")
en( k") ~: %
dnia, k) C ———— =
ne dn(/, k") a7
The 7Zeta function cen be expressed as
- ) ) ~
_ i s sn(/ k') en(b, k') g
“(a, k) = |7(,./.<,k') + - k' - . (A-30)
U KK dn(5, k')
where . !
éo ' - |
Z(L k') = __lﬁlfrl . [ B :
8/ k') SN

The Thets functions were evaluated using a Fourier series expausion.’?
Valu.s of t/b, s/b, C},/e andC}n/E - C}'/e were then calculated from
Ege (A-9), (A-27), and (A-2B) ard plott=] us functaion of "K', w-th k

as pavameter. Values of t/b were selected to te usecu s purrest.>s on

33 -




the final graph, and the related values of k and B/K’' were taken from the

t/b graph and tabulated. The values of k and /K’ at each point were used
to determine related values of s/b, C},/e, and C;o/e - C},/e from their
graphs. In this way it was possible to compile values of s/b, C}‘/e and
Cio/e = Cy /€ for comstant t/o. This compilation was used to plot the
final sets of curves shown in Figs. [1-3 and II-4.
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